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Abstract. Two key areas of emphasis in contemporary experimental exoplanet science are the detailed characteriza-
tion of transiting terrestrial planets, and the search for Earth analog planets to be targeted by future imaging missions.
Both of these pursuits are dependent on an order-of-magnitude improvement in the measurement of stellar radial ve-
locities (RV), setting a requirement on single-measurement instrumental uncertainty of order 10 cm/s. Achieving such
extraordinary precision on a high-resolution spectrometer requires thermo-mechanically stabilizing the instrument to
unprecedented levels. Here, we describe the Environment Control System (ECS) of the NEID Spectrometer, which
will be commissioned on the 3.5 m WIYN Telescope at Kitt Peak National Observatory in 2019, and has a performance
specification of on-sky RV precision < 50 cm/s. Because NEID’s optical table and mounts are made from aluminum,
which has a high coefficient of thermal expansion, sub-milliKelvin temperature control is especially critical. NEID in-
herits its ECS from that of the Habitable-zone Planet Finder (HPF), but with modifications for improved performance
and operation near room temperature. Our full-system stability test shows the NEID system exceeds the already im-
pressive performance of HPF, maintaining vacuum pressures below 10−6 Torr and an RMS temperature stability better
than 0.4 mK over 30 days. Our ECS design is fully open-source; the design of our temperature-controlled vacuum
chamber has already been made public, and here we release the electrical schematics for our custom Temperature
Monitoring and Control (TMC) system.
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1 Introduction
The field of exoplanet discovery and characterization has advanced to the point of observing exo-
planets analogous to the rocky planets of the inner Solar system. The Kepler mission1 and its ex-
tended campaign K22 have discovered thousands of exoplanets, most of which have radii smaller
than that of Neptune. The TESS spacecraft3 has recently begun an all-sky survey for the nearest
transiting exoplanets, which will be optimal targets for follow-up characterization with facilities
such as the James Webb Space Telescope and 30 m-class ground-based telescopes.
The nearby transiting exoplanets discovered by TESS offer an unprecedented opportunity to
constrain their interior structures, composition, and atmospheric dynamics. However, the scientific
yield of this endeavor is highly dependent on the availability of ultra-precise Doppler spectroscopy.
Comparative planetology of Earth- and super-Earth-mass exoplanets is dependent on determining
masses and radii of the sample population to better than 20 percent, which requires radial velocity
(RV) precision better than the 1 m s−1 standard established by instruments such as HARPS4 and
HIRES.5
Precision radial velocimetry is achieved through one of two spectrometer design concepts. The
first, described in detail by Refs. 6 and 7, places a temperature-controlled cell of gas in the optical
path of the instrument. The gas is selected so as to superimpose a series of thousands of narrow,
optically thin absorption lines over the observed stellar spectrum. The lines have precisely known,
stable wavelengths, and may therefore serve as a wavelength fiducial. Furthermore, because the
absorption lines share a common optical path as light from the target, any changes to the instrument
profile (IP) caused by instability in the spectrometer will be reflected in the observed absorption
line profiles, and controlled for. The derived radial velocity is then computed as a free parameter
in the forward model of the star-plus-absorption cell spectrum. This technique is often referred
to as the “iodine method,” due to the prevalence of molecular iodine (I2) as a reference gas in
optical spectrometers. The iodine technique is broadly applicable in the sense that most general-
purpose high resolution spectrometers may be easily retrofitted with a gas cell without additional
modification or stabilization. On the other hand, the iodine method is limited primarily by the fact
that Doppler information may only be extracted from the waveband covered by the I2 absorption
spectrum, and additionally by algorithmic complexity in forward-modeling the star-I2 spectrum.
Most new instruments dedicated to precision Doppler spectroscopy typically adopt the second
method of achieving high RV precision. Sometimes referred to as the “cross-correlation method”,
this technique requires stabilizing the full opto-mechanical train of a fiber-fed spectrometer to
an extreme degree, thereby permanently fixing the IP.8 Absent the need to track IP variations, a
photonic source such as a hollow cathode lamp or a laser frequency comb (LFC) may then be
observed simultaneously with the starlight on a second fiber, providing wavelength calibration and
measuring instrument drift across the spectrometer’s entire bandpass. Because the ensuing Doppler
extraction model involves significantly fewer free parameters than the absorption cell technique,
precise RVs may be determined at lower S/N values, reducing the telescope apertures and exposure
times required to collect RV data. Stabilized spectrometers can also extract RVs from outside the
∼ 500 − 600 nm I2 absorption band, where there exists significant Doppler information content9
for both Sunlike stars (blueward of 500 nm) and the cooler M dwarfs (redward of 600 nm). The
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Fig 1 Design schematics for the HPF (left) and NEID (right) vacuum chambers and radiation shields.
cross-correlation technique therefore provides access to much more Doppler information content,
and simplifies computational analysis, at the expense of placing much more stringent constraints on
the physical stability of the instrument. While simultaneous calibration can be used to monitor and
correct drifts associated with slowly-evolving error sources such as the glass-crystal phase change
of the e´chelle grating’s Zerodur substrate,10 the algorithms used to calculate both instrument drifts
and on-sky RVs must assume the IP is stable. If this assumption is violated due to environmental
instability, uncorrectable errors may be introduced.
We have developed two stabilized, fiber-fed, high resolution spectrometers to facilitate detec-
tion and characterization of low-mass exoplanets around nearby stars. The first is the Habitable-
zone Planet Finder (HPF),11 a near-infrared (NIR) spectrometer on the 10 m Hobby-Eberly Tele-
scope (HET) at McDonald Observatory. The instrument’s NIR wavelength coverage, combined
with the 10 m HET aperture, will enable it to detect Earth-mass planets in the liquid-water habit-
able zones (HZs)12 of nearby fully-convective M dwarfs.
Much of the design heritage of HPF was adapted to develop the optical-bandpass NEID spec-
trometer13 for the 3.5 m WIYN Telescope at Kitt Peak National Observatory. NEID will combine
the extreme environment stabilization of HPF with a high-performance, low-risk optical design,
and a laser frequency comb wavelength calibrator. NEID will be available for shared risk science
beginning in Fall 2019, providing ultra-precise (σRV < 50 cm s−1) RV capability on a publicly-
accessible instrument in time to constrain masses of exoplanets discovered by TESS.
In order to achieve σRV < 50 cm s−1 upon delivery, and provide a reasonable path towards
10 cm s−1 precision, we have assembled a detailed error budget for NEID.14 This error budget
requires, at minimum, that the spectrometer optics be maintained at < 1 µTorr absolute pressure
and < 1 milliKelvin relative temperature stability over an extended period. Our environmental
stability requirements are stringent, even relative to other Doppler spectrometers, because our op-
tical bench and optics mounts are all made of 6061-T6 aluminum. Our choice of material offers
ready availability, ease of machining, and cost effectiveness in exchange for a high coefficient of
thermal expansion (CTE) relative to more exotic materials such as Zerodur (a la the Keck Planet
Finder),15 Cordierite (a la the Infrared Doppler Instrument for Subaru),16 or Invar (iLocater).17
The high conductivity of aluminum is used to minimize the ability of the optical bench and optics
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mounts to maintain thermal gradients. The aluminum optical mounts are coupled to the optical
bench through precision-machined interface pads that are securely bolted to ensure good ther-
mal transfer. The overall thermal design of the blackbody cavity in which all optical components
are enclosed yields almost uniform temperatures of components at steady state, and quickly dis-
sipates any gradients produced during short-term upset conditions. Thus, long term stable and
uniform temperatures are a necessity for instruments blazing a path to 10 cm s−1 RV precision.
The increased CTE of the aluminum bench and mounts translates directly to a greater temperature
sensitivity in our Doppler error budget, since the optics will experience relative position shifts due
to their mounting expanding or contracting with changes in temperature.
The specific 1 mK thermal stability requirement for NEID is driven by tolerances in the dis-
persive optics, their mounts, and the optical bench. Principal among the various thermal factors is
the change of groove spacing on the e´chelle grating with temperature. Our grating is made from
Zerodur Expansion Class 0, which yields 1.2 cm s−1 RV error per 1 mK change; Class 1 and 2
would produce 2.5× and 5× larger errors, respectively, so they were chosen against. Additional
thermal errors of this same order (1 cm s−1 per mK) are associated with temperature changes
in the prism cross disperser and optical bench. Combined in quadrature, these three sources of
error—assuming 1 mK is the current best estimate of performance—yield a thermo-mechanical
error consistent with other sources such as Zerodur glass-crystal phase change, thermal transients
in the CCD detector during integration, and detector charge transfer efficiency. As long as these
errors remain consistent and reproducible, they can be eliminated in large part by calibration.
In this paper, we present the design and performance demonstration of NEID’s environment
control system (ECS). The NEID ECS is conceptually similar to that of HPF, which has already
demonstrated sub-milliKelvin temperature stability in both warm (T ∼ 300 K) and cold (T ∼ 180
K) operation (see 18, hereafter S16). The NEID design includes a number of improvements and
optimizations from the HPF baseline, some of which were propagated to the final HPF ECS instal-
lation as well. In particular, the custom electronics used to monitor and control the temperature of
the spectrometer’s active volume were completely overhauled, yielding greatly improved perfor-
mance. Here, we will briefly review the overall HPF/NEID ECS design concept, while focusing on
the modifications implemented since the demonstrations described in S16 and the full-scale NEID
performance test.
The paper is organized as follows. In Section 2, we review the top-level design concept for
our environment control system. In Section 3, we highlight the specific differences between the
HPF and NEID systems. Section 4 details the design of our custom electronics for monitoring and
controlling the temperature inside the NEID vacuum chamber. We describe the setup of our 30-day
environmental stability test in Section 5, and present the results of that experiment in Section 6.
Finally, we discuss and contextualize our results in Section 7.
2 ECS Design Concept
The goal of the HPF/NEID environment control system is to achieve maximal pressure and tem-
perature stability while minimizing thermo-mechanical transients and vibrations that might perturb
ultra-precise RV measurements. Because any servicing or modification of a Doppler spectrometer
incurs the risk of introducing zero-point offsets to RV time series (as observed for the Hamil-
ton Spectrograph19), the ECS must be able to maintain stable conditions over years with minimal
replenishment or maintenance. The design of our ECS is described in great detail in S16, and
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therefore will not be repeated here. Rather, we briefly highlight the core elements of our ECS
concept, and refer the interested reader to S16 for a full account, including open-source schematics
for our vacuum chamber.
The ECS eliminates RV errors caused by index-of-refraction variability and facilitates excellent
temperature stability by placing the entire optical train in a high-quality vacuum. Our vacuum
chamber is first evacuated to P ∼ 10−4 Torr using conventional dry-scroll pumps. Then, we inject
liquid nitrogen (LN2) into a tank mounted within the chamber. The LN2 cools activated charcoal
getters, which at cryogenic temperatures absorbs any remaining air in the system, resulting in
stable pressures near P < 10−6 Torr. In addition to cryo-pumping the vacuum chamber, the
LN2 tank provides cooling to NEID’s CCD detector via a cold finger extending from the tank
through the optical bench. Thus, our ECS provides high-quality vacuum and cooling without
continuously running vacuum pumps or electrical cryocoolers, each of which would otherwise
create unacceptable levels of vibration for our stability requirements.
The upper and lower lids of the vacuum chamber are sealed with Viton O-rings, resulting in a
total O-ring length of 20 m. This corresponds to a total gas load of 2× 10−5 Torr/L/s due to O-ring
permeation,18 assuming a standard Viton permeation rate of 2.5× 10−8 Torr/L/s/inch.20 Based on
this leak rate, as well as experience from similar vacuum chambers used by APOGEE21 and HPF,18
our charcoal getters are sized to maintain the vacuum pressures nominally at P < 10−6 Torr for 3
years without saturating, so internal instrument maintenance requirements should be minimal.
In Figure 1, we show the exploded schematics of the vacuum chambers for both HPF and
NEID, so that readers may compare and contrast the differences between the two instruments,
which are discussed in detail in Section 3.
As noted in S16, the stainless steel alloy used in the construction of our vacuum chamber
outgasses hydrogen at the operating vacuum pressures of our system. Activated charcoal does not
absorb hydrogen, so our ECS also includes a NEXTorr D-100 non-evaporative hydrogen getter
and sputter ion pump from SAES Getters. This device eliminates the slow vacuum degradation
we would otherwise observe due to hydrogen outgassing. Before deployment at WIYN, we will
upgrade to a D-200 getter for greater capacity and thus longer hold times.
Within the vacuum chamber, the spectrometer’s optical bench and its components are sus-
pended on stainless steel rods mounted via ball joints to steel blocks welded to the inside of the
chamber. Contact points between the rods and the bench/blocks are buffered with G10 spacers,
which are thermally non-conductive. The instrument’s temperature is therefore regulated almost
entirely radiatively, since heat transfer pathways through convection and conduction are eliminated
by the vacuum and non-conductive bench suspension, respectively.
To maintain constant temperature, the NEID optical bench is encased within an actively-
controlled aluminum radiation shield, which is held to the optical bench with non-conductive G10
blocks. The surface of the NEID radiation shield is divided into 28 zones that are each indepen-
dently actively controlled using our custom Temperature Monitoring and Control (TMC) system.
Each zone is controlled by a 12”× 12” adhesive Kapton resistive heater produced by Birk Manu-
facturing, run on a closed-loop proportional-integral-derivative (PID) feedback cycle.
Input telemetry to each PID loop is provided by a custom thermometer (hereafter “control
thermometer”) based on a 2N2222 transistor operated as a diode. The control thermometers are
potted in a small block of aluminum with thermal epoxy to facilitate ease of mounting while
maintaining thermal conductivity. We show a potted control thermometer in Figure 2. When
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Fig 2 A control thermometer for the NEID TMC. A 2N2222 transistor, operated as a diode, is potted in a small
aluminum block with thermal epoxy.
used as a thermometer in this way, the 2N2222 devices compare favorably to commercial-off-the-
shelf temperature probes. They are inexpensive (∼ 7 USD each), reliable,22 and exhibit ∼ 0.1
mK measurement stability. While this performance is exceeded by some commercial devices, our
decision to use custom thermometers and control electronics is informed both by measurement
precision and the costs associated with controlling so many separate channels. For commercial
systems that meet our performance requirements, the cost of a single control channel—including
a thermometer, monitoring electronics, and power output—ranges from 1500-2000 USD or more,
and typically offers lower precision than demonstrated here. The hardware cost of our system is
of order 250 USD per control channel, and requires far less space in the instrument’s electronics
cabinet.
Each control thermometer is paired with a separate, high-precision PT-103 resistive thermome-
ter (hereafter “monitoring thermometer”) from LakeShore Cryogenics and monitored by a microK
250 thermometry bridge from Isotech. The monitoring thermometers provide absolute calibration
for the control thermometers, as well as offering an independent fiducial to ensure our temperature
control system is performing as expected. The PID loops can accept input from either the control
or monitoring thermometers, adding redundancy in the case of a thermometer failure.
In order to further buffer the radiation shield against radiative disturbances both within and ex-
terior to the instrument, the radiation shield and LN2 tank are wrapped in custom Multi-Layer Insu-
lation (MLI) blankets. The blankets are made of alternating layers of highly reflective aluminized-
Mylar sheets and a spacer material (nylon tulle) to prevent thermal shorting between the reflective
mylar layers. The MLI blankets slow heat loss from the instruments’ components, reducing de-
mand on the TMC electronics.
The final element of the NEID/HPF ECS is a passive exterior thermal enclosure to minimize
large, short-term temperature variations. Our passive enclosure is a commercial chamber from
Bally Enclosures, commonly used for food storage. It consists of rigid inner and outer walls, with
4” insulating foam in between. NEID and its LFC are intended to be housed in separate enclosures
to isolate the spectrometer from the heat loads created by the LFC and its associated electronics.
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Fig 3 Schematic of the hierarchical system of passive and active thermal control systems for NEID and its laser
frequency comb as they will be assembled in the WIYN basement. NEID and the LFC will be surrounded by passive
food storage enclosures to dampen high-frequency temperature variability, while electronic heaters and thermometers
actively control the volume surrounding the spectrometer optics.
The configuration of the instrument, LFC, and their respective thermal enclosures in the WIYN
basement is shown in Figure 3. Note that the LFC enclosure may not be employed if the installed
HVAC is sufficient to stabilize the environment which includes the LFC outside of the spectrometer
enclosure.
Because our ECS is designed to stabilize the environment surrounding the optical bench, rather
than actively controlling the temperature of the bench itself, the final equilibrium temperature of
the bench is set by the black body cavity created by balancing the energy input from the TMC
heaters and radiation output (ultimately) to the ambient environment outside the thermal enclo-
sure. Thus, the mean temperature of the ambient room must be kept near constant long-term
(±0.2 ◦C); changes to the mean temperature will lead to a gradual change in the bench’s equilib-
rium temperature, regardless of the stability of the radiation shield. Short duration temperature
transients are filtered out by the thermal enclosure and TMC system. Setpoint maintenance may
be achieved with HVAC systems commonly found in laboratory environments, but some care must
be taken with, e.g., seasonal exchanges between heating and cooling modes. In Figure 4, we show
the performance of the HVAC system in the WIYN basement over 10 days. Our requirement for
NEID demands that the 8-hour rolling average temperature must remain within ±0.1 ◦C over the
course of a month; Figure 4 shows performance meeting this requirement over a short timescale,
and efforts to achieve similar stability long-term are ongoing.
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Fig 4 Results of a 10-day test of temperature stability inside the WIYN basement. The change in short-term vari-
ability from hours ∼50-200 is believed to be caused by temperatures outside the WIYN basement dropping below
∼ 5 ◦C, during which time the HVAC is more stable, but is still under investigation. The system is compliant with our
requirements throughout the demonstration.
3 Differences Between NEID and HPF
The core conceptual design for the ECS on both HPF and NEID is identical. However, each system
has instrument-specific requirements that prompted slight optimizations or alterations. Here, we
list the significant differences between the two instruments’ environment control systems.
• Heat Sink: The near-infrared bandpass of HPF required that its optics be cooled to 180 K.
Thus, the LN2 tank on HPF served as that instrument’s heat sink, in addition to cooling the
detector and vacuum getters. Copper straps connected the radiation shield to the LN2 tank,
and were sized to provide the cooling required for the optics to reach approximately 170
K. Because the optical bandpass of NEID is not hampered by thermal background radia-
tion, it may be operated near room temperature, sparing us the complication and expense of
installing thermal straps. Instead, we use the TMC heaters to raise the temperature of the
optics and radiation shield to 300 K, and use the entire ambient environment (293 K) as a
uniform heat sink. In addition to minimizing thermal gradients across the active volume, this
design decreases the LN2 boil-off rate, reducing the magnitude of thermal transients caused
by tank refills relative to HPF.
• MLI Blanket Construction: NEID operating temperature is above ambient and the NEID
radiation shield is not thermally coupled to the LN2 tank so the MLI blankets around the
thermal shield play a different role in this instrument. Thinner MLI blankets were used to
increase the ambient losses to approximately 1 watt per square meter which facilitated use
as the primary heat sink; the NEID MLI blankets are 6 layers thick as opposed to 12 for HPF.
• Radiation Shield Dimensions: The radiation shield’s walls were made 50 percent thicker–or
3/16” thick–to minimize thermal gradients across the structure while remaining lightweight
enough that a team of technicians can still handle its lid by hand. These walls are made of
the same high-conductivity 3003 aluminum as the HPF radiation shield to minimize thermal
gradients.
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• Thermal Breaks: A 3/16” thick arch of 3003 aluminum, supported by brackets welded to the
vacum chamber wall, was placed over the top of the LN2 tank. This passive shield further
decoupled the LN2 tank from the radiative environment viewed by the lower thermal shield
to improve the stability of the thermal shield wall.
• Monitoring Thermometers: HPF operates at 180 K, which is outside the range of highest
sensitivity (as defined by change in resistance per unit temperature change) for most resis-
tive thermometers. To achieve the highest temperature measurement precision possible, we
equipped HPF with Cernox™ 1080 thermometers23 from Lake Shore Cryogenics, which
typically exhibit higher sensitivity at 180 K than a standard platinum thermometer. At the
300 K operating temperature of NEID, however, platinum resistive thermometers are usu-
ally more sensitive than Cernox™ devices, and have the advantage of adhering to a standard
calibration curve. For NEID, we selected PT-103 thermometers from Lake Shore as our
monitoring thermometers.
• Heater Design and Placement: As shown in S16, HPF’s TMC heaters consist of a set of
four chassis-mount resistive heaters mounted to an aluminum plate to distribute heat. For
NEID, we have instead used custom adhesive heaters from Birk Manufacturing. These
heaters, shown in Figure 5, consist of a resistive wire woven through Kapton with vacuum-
compatible (3M 966 PSA low outgassing) adhesive, which distribute heat more evenly across
the active surface. Adhesive heaters were impractical for HPF, as Kapton with an adhesive
layer becomes difficult to remove once cooled to cryogenic temperatures, but they are ideal
for NEID. NEID uses 28 adhesive heaters across the surface of the radiation shield, twice
as many as used for HPF. The number and distribution of heaters reduces the amount of un-
controlled surface area across the radiation shield, and assigns a more uniform area to each
controlled region.
Prior to building the NEID ECS, we simulated the performance of the modified ECS sys-
tem using SolidWorks. The thermal model was developed to help optimize the number,
size, shape, and placement of the individual custom heaters and their corresponding control
zones. In the operating mode, each heater, temperature sensor, and corresponding PID loop
acts against the varying exterior micro-environment that it “sees” in its solid angle of radia-
tive coupling. More zones improve the precision of this response, but complicate the control
and temperature sensing support needed. NEID’s design, including this model, helped to
optimize this trade-off. In Figure 6a, we show the predicted temperature distribution across
the radiation shield when the instrument is heated to its nominal (10K above ambient) oper-
ating temperature. A uniform ambient environment was assumed for comparison purposes.
Our simulations predicted a thermal gradient of just 9 mK (peak-valley) across the radiation
shield, and a gradient across the optical bench that was below the simulation’s 0.1 mK pre-
cision. These values are more than 30 times less than predicted for the solid model of the
HPF ECS.
While the measurement precision of our TMC system is exquisite, its absolute accuracy is
actually insufficient to measure the predicted temperature gradients for either HPF or NEID.
The accuracy of our thermometers is limited by the requirement that they be distributed
throughout the radiation shield, resulting in long wire leads between the thermometers and
the instrument’s electronics cabinet. Our 2N2222 thermometers use a 2-wire measurement
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Fig 5 A resistive heater used on the NEID radiation shield. The heater is coated on one side with vacuum-compatible
Kapton adhesive, which facilitates simple assembly and efficient heat distribution.
system, wherein the current used to excite the device is sent through the same 2 wires used
to measure the voltage across it. Thus, the temperature-versus-voltage calibration curve
changes as a function of wire length, and can only be accurately determined when the device
is paired with a monitoring thermometer, as is the case for the control stations. For 2N2222
thermometers installed farther from a control station, the absolute calibration may vary by as
much as 0.5K. Our PT-103 thermometers use a 4-wire system, which separates the wire leads
used for delivering current and measuring voltage. This allows for cancellation of voltage
drops across the wires, and provides a more accurate measurement. However, the actual
device has only 2 leads, and the absolute calibration changes as a function of where the 4
wires are soldered to those leads. Lake Shore’s product specifications estimate a calibration
offset of 9.5 mK for every millimeter away from the device that the wires are attached. Thus,
the expected variations in wire lead attachment will introduce calibration offsets larger than
the small predicted gradients across the optical bench.
We emphasize, though, that the most important metric for precision Doppler velocimetry
is not the absolute temperature gradient, but its variability. Ultra-precise Doppler measure-
ments are typically differential in nature, so while the absolute temperature gradient might
influence the RV zero point, it is more important to eliminate velocity shifts induced by a
varying thermal background or mechanical expansion/contraction caused by a variable gra-
dient.
We are not yet able to validate the gradient variability for NEID, because we did not have
enough thermometers distributed across the optical bench. Space constraints within the radi-
ation shield require that we place 2N2222 thermometers on the optics mounts rather than at
many locations on the actual table, and NEID optics had not been installed as of this stability
demonstration. However, we can demonstrate the stability of the gradient for HPF, thereby
confirming the performance of the overall conceptual design. In Figure 6b, we show the
10
Fig 6 a: Predicted temperature distribution of the NEID radiation shield when the instrument is heated to its nominal
303K operating temperature. The predicted gradient is just 9 mK peak-valley. b: Temperature difference between two
optics across from each other on the HPF bench. The RMS variability between these locations is better than 0.5 mK,
confirming the stability of the temperature gradient for HPF.
temperature difference between the two 2N2222 thermometers most distant from each other
on the HPF bench. The gradient has an RMS stability less than 0.5 mK, and is periodically
driven by the daily filling of the LN2 tank. Because of the improved performance of the
NEID ECS, and because of the greatly reduced thermal contact between NEID’s bench and
its LN2 tank, we expect its temperature gradient to be much more stable.
4 TMC Electronics
A significant change we have implemented on both HPF and NEID since the publication of S16 is
the final version of our custom electronics to monitor and control the temperature of the radiation
shield. Our TMC electronics use the same basic circuit design and operational scheme as those
used for the stability demonstration from S16. They have been upgraded to improve their durabil-
ity, to eliminate sources of drift identified in early tests, and to shield against sources of electrical
noise commonly found in observatory settings. Here, we describe our TMC electronics in detail
for the first time.
Figure 7 shows a simplified schematic for the TMC electronics. TMC circuitry is divided
between three separate 19-inch, rack-mounted enclosures: the Temperature Monitoring Enclosure,
the Voltage Reference Enclosure, and the Temperature Control Enclosure.
The Temperature Monitoring Enclosure contains four Temperature Monitoring Boards, each
with the capability of reading out 18 channels of diode-connected 2N2222 temperature sensors.
Each channel contains a temperature-compensated 12.5 µA current source that provides excitation
current to the 2N2222 transistors. Each board contains three AD7124-8, 24-bit, sigma-delta ADCs
that measure the sensor voltage, which is nominally 0.5 V at room temperature with a temperature
coefficient of approximately -2.2 mV/◦C. Use of such a high dynamic range ADC allows the TMC
to utilize a single gain setting over the full 77 K to 320 K temperature range spanned by HPF and
NEID, while still maintaining a measurement resolution of < 100 µK. The ADCs also monitor
sensor excitation current by measuring the voltage across a 10 kΩ, 5 ppm/◦C precision resistor. The
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Temperature Monitoring Boards offer rapid temperature monitoring; we can measure the voltages
of up to 72 2N2222 thermometers on a 6-second cadence. For comparison, our microK 250 reads
a set of 30 PT-103 thermometers on a 50-second cadence.
TMC stability is maintained via comparison with an ultra-low drift, 0.6 V reference voltage
created within the Voltage Reference Enclosure. Internally, the Voltage Reference Board utilizes
a ∼7 V, 0.05 ppm/◦C ultra-stable reference level from the ovenized, LTZ1000 buried-zener ref-
erence. This reference level is sent to the Signal Conditioning Board, wherein it is buffered by
the LTC2057 zero-drift amplifier and divided down to ∼0.6 V through the 10 kΩ/100 kΩ matched
resistor network of the LT5400-3. This final ∼0.6 V reference level is provided to the Tempera-
ture Monitoring Boards through an instrumentation amplifier formed from the LTC2051 zero-drift
amplifier and the 10 kΩ/10 kΩ Y1747-10KA matched resistor network. All components were se-
lected for ultra-low temperature drift and excellent long-term stability. The final reference voltage
demonstrated< 0.2 µV/◦C temperature drift when externally cycled at a rate of∼ ±1 ◦C/min over
a 5◦C to 30◦C range. In the final assembly, the Voltage Reference Board and Signal Condition-
ing Board were surrounded by weather stripping material in order to insulate them from local air
currents and short-term changes in ambient temperature.
The Temperature Control Enclosure includes five Heater Driver Boards, each of which provides
8 channels of up to ∼3 W of drive for each Kapton heater; normal operation requires only a
small fraction of this power. The heater driver design is identical to that used for the HPF system
presented in S16, and utilizes the OPA549 high-power amplifier to servo on a programmable power
level. Power output is monitored via the LT2940 four-quadrant power monitor. The Heater Driver
Boards mount in a card cage inside of the Temperature Control Enclosure. Air-flow within the
enclosure is designed so as to force air between the boards, with fans mounted in the rear of the
unit.
The Temperature Control Enclosure also includes a small NIOS2-based digital control board,
which manages the SPI readout of the Temperature Monitoring Boards, the I2C control of the
Heater Driver Boards, and the USB connection to the main Science Computer. The Heater Driver
Boards and Temperature Monitoring Boards are powered via Acopian linear power supplies (+24 V,
+12 V) mounted inside of the Temperature Control Enclosure. The Voltage Reference Board and
Signal Conditioning Board are powered via Acopian linear power supplies (±15 V, +3 V) within
the Voltage Reference Enclosure. All design documents, including schematics, bill-of-materials,
and PCB layout files, are archived as a resource to the community1.
5 Description of Stability Test
In S16, we performed an environment stability test using the HPF cryostat operated in a “warm”
configuration as a proof of concept for the NEID system. That test demonstrated more than suffi-
cient stability for the design specifications of HPF, but does not reflect the performance expected
for NEID after the implementation of the NEID-specific adaptations and the upgraded TMC elec-
tronics. Thus, we have conducted a full-scale stability test using the actual NEID vacuum chamber
to verify its performance in a laboratory setting.
Our NEID stability test was conducted between March and May of 2018 in our spectrometer
integration laboratory at Penn State University’s Innovation Park campus. The vacuum chamber
was evacuated and heated with the optical bench in place, but without the optics and mounts. To
1https://scholarsphere.psu.edu/collections/3xs55m982m
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Fig 7 Simplified schematic diagram of the TMC electronics.
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simulate conditions as similar as possible to the WIYN basement, we sealed the vacuum chamber
in its passive thermal enclosure during this test.
The stability of the NEID environment was tracked by two primary observables. To evalu-
ate vacuum stability, we monitored the pressure inside the vacuum chamber using the pressure
reading from two dedicated MKS MicroPirani vacuum gauges, along with the pressure reading
from the NexTorr D-100 ion pump. To monitor temperature stability, we mounted two identical
PT-103 thermometers separated by approximately 1 inch in the center of the optical bench. These
thermometers were read out by the microK 250 temperature monitor.
Because our objective is to dampen or prevent changes in ambient temperature propagating
through to the optical bench, it is instructive to carefully monitor the ambient conditions during
an ECS performance test. To that end, we placed several adhesive-mounted PT-100 thermometers
from Omega Engineering around our laboratory and inside the thermal enclosure. These ther-
mometers were monitored by a Model 218 temperature monitor from Lakeshore Cryotronics.
6 Results of Stability Test
6.1 Vacuum Stability
Figure 8 shows the pressure as recorded by one of the NEID vacuum gauges during the stability
test. We only show the vacuum reading from one of the 3 NEID vacuum gauges for clarity, as
the other two vacuum gauges all demonstrated a consistent pressure level within a factor of 2-3.
At the beginning of the stability run in early March, the pressure was brought down from ambient
pressures levels to the ∼ 5 Torr level using a Tri-Scroll 300 I Phase vacuum pump, and down to
the ∼ 10−5 Torr level using an Agilent TwisTorr 84 Turbo-molecular pump (using the Tri-Scroll
300 pump as a backing pump). Ultimate pressures were reached by filling the LN2 tank to activate
the charcoal getters mounted on the sides of the NEID LN2 tank along with activating the NexTorr
hydrogen getter and ion pump. After about 1 month since the start of the stability run (early
April) the vacuum chamber maintained a 1 × 10−7 Torr pressure level or better for the rest of the
stability run of over 1 month. Comparing directly to S16, they demonstrated slightly higher quality
vacuum achieved with HPF than this—or vacuum pressures below 10−7 Torr over 2 months. This
is expected, given that NEID is mostly a warm instrument operated at 300K. Even so, as discussed
in S16, a vacuum stability of < 1e− 6 Torr is sufficient to minimize thermal conduction in the air
within the spectrometer, as well as reducing the RV errors due index of refraction variations due to
pressure fluctuations within the instrument to the ∼ 0.02 cm/s level.
The short pressure spike seen in Figure 8 on March 22 was due to a controlled 24 hour exper-
iment where the NexTorr hydrogen getter and ion pump were valved out from the NEID vacuum
chamber. The goal of this experiment was to study the hydrogen outgassing rate from the NEID
vacuum chamber walls, but hydrogren is soluble in stainless steel where it can get trapped in pre-
cipitates dueing fabrication, slowly outgassing at room temperature.24 In 24 hours the vacuum
pressure rose from 1.7 × 10−7 Torr to 1.2 × 10−6 Torr, corresponding to an outgassing rate of
1.03× 10−6 Torr/day. This outgassing rate is similar to the outgassing rate seen with HPF which
slowly decayed from ∼ 1.0× 10−6 Torr/day to the 1.0× 10−7 Torr/day level over 9 months (see
Figure 10 in S16). After valving in the NexTorr hydrogen getter, the vacuum pressures quickly re-
turned to the previous baseline vacuum level and stabilized at the 10−7 Torr level after ∼1 month.
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Fig 8 NEID’s long term pressure stability. Pressure is brought from ambient pressures at the start of the stability run
in early March 2018, and stabilized at the ∼ 10−7Torr level. The short pressure spike on March 22nd was due to a
controlled experiment to study the hydrogen outgassing rate in the NEID spectrometer (see further description in text).
6.2 Temperature Stability
One logistical consequence of our high-quality vacuum is that in addition to facilitating long-term
temperature stability, it requires a long time for the optical bench to settle to equilibrium. While
we use an array of dedicated warm-up heaters (offering nominally 125W input power) mounted to
the bottom of the NEID optical bench to drive the bench near its equilibrium value, it is impossible
to “set” it at the correct temperature to sub-milliKelvin precision. Thus, at the start of any vacuum
cycle we must wait for the bench temperature to asymptotically approach equilibrium. In Figure
9, we show the bench temperature, measured using the microK/PT-103 system, as it settled to
equilibrium during our stability test. The small temperature increase on March 13 is the result of
the PID loops on the radiation shield heaters resetting during a switch between PT-103 and 2N2222
thermometers as the active control sensors. We find that the temperature during this period is well
described by an asymptotic exponential model, T (t) = Ce−t/τ + T0. Our system typically yields
a time constant τ ∼ 3 days, which means that if we define temperature “stability” as the middle
bench temperature sensor showing a derivative of | δT
δt
| < 1 mK/week, the bench must be allowed
to settle for approximately 1 month.
Once the bench temperature reached equilibrium, we left the system undisturbed except for
daily filling of the LN2 tank. The resulting temperature stability is shown in Figure 10. For visual
clarity, we only show the temperature as recorded by one of the two PT-103 thermometers mounted
on the bench; the two thermometers showed identical stability and noise structures, but with a
zero-point offset consistent with the calibration uncertainties described in §3. For the entire 30-
day experiment, we observed an RMS temperature stability of 0.38 mK, with any 10-day period
having an RMS scatter of 0.10-0.15 mK.
The small variability present in Figure 10 is dominated by temperature changes in the labo-
ratory. In Figure 11, we show the relative temperature stability of our instrument development
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Fig 9 Temperature of the NEID optical bench after an initial warming using the warm-up heaters. The tempera-
ture (red) decayed asymptotically towards equilibrium. An asymptotic exponential model (blue) yields a decay time
constant of approximately 3 days.
lab, thermal enclosure, and optical bench. While the bench temperature is still measured using the
microK device, the thermal enclosure and instrument lab are monitored using adhesive-mounted
PT-100 thermometers from Omega Engineering, and read out using Model 218 temperature mon-
itor from Lake Shore Cryogenics. The Model 218 was read out every 10 seconds, as opposed to
the 50-second cadence of the microK 250. While the ECS is immune to high-frequency variabil-
ity such as produced by commercial HVAC systems, the bench temperature will drift in response
to changes in the mean laboratory temperature (reflected by the thermal enclosure temperature)
over days or weeks. Maintaining a constant mean temperature in the WIYN basement is a facility
requirement for NEID, but the HVAC system at our spectrometer development lab is less robust.
Hence, we expect the NEID ECS to be even more stable when deployed at WIYN (Figure 4).
Based on this experiment, we can draw conclusions for the relative performance of the passive
and active components of our ECS. Using just the passive thermal enclosure (RMS = 40 mK), we
achieve approximately an order of magnitude in improvement over the laboratory HVAC (RMS =
279 mK). Within the actively-controlled volume, the temperature is another 2 orders of magnitude
more stable. Overall, this stability test shows a factor of ∼ 700 reduction in thermal variability
from the ambient environment to the optical bench, exceeding the factor of 200 assumed in our
error budget.14
7 Discussion
The environmental stability of NEID is, as expected, a significant improvement over that of HPF.
Comparing directly to S16, their demonstration on HPF yielded vacuum pressures below 10−7 Torr
over 2 months, while NEID is expected to operate a slightly lower quality vacuums (nominally
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Fig 10 Temperature of the NEID optical bench during the 30-day stability trial. An inset is shown for a representative
10-day sample, with low-level variability caused by the daily LN2 fill.
Fig 11 a: Temperature deviations from the mean for our laboratory (gray), the inside of the thermal enclosure (purple),
and the optical bench (red). b: Inset of the last days of our test, when an HVAC failure (orange line) caused the ambient
temperature to increase. The (time-delayed) warming of the optical bench shows that the bench temperature is coupled
to the mean external temperature. Representative single-measurement uncertainties are shown for the external PT-100
and internal PT-103 thermometers, but note the different Y-axis scales.
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better than 10−6 Torr) since it is mostly a warm instrument. With regards to temperature stability,
the NEID system achieved < 0.4 mK stability over 30 days, whereas HPF exhibited 0.6 mK over
15 days in both warm and cold configurations. As shown in Figure 10, the best 15-day period for
NEID had an RMS temperature scatter of just 0.23 mK, nearly a factor of 3 better than the 15-day
HPF trial.
It is important to emphasize that neither this experiment nor that of S16 represents the ulti-
mate performance of either instrument. We have deployed the revised TMC electronics described
herein on both instruments, which has resulted in a significant improvement in HPF’s stability. Fur-
thermore, we are optimistic that upgrades to the WIYN basement will provide more stable mean
temperatures than achievable in our laboratory, which should eliminate some of the low-frequency
drifts observed here.
As emphasized by S16, our ECS is highly flexible and modular, making it applicable to in-
struments of various scales, budgets, and applications. The complete vacuum chamber and ECS
described here is relatively inexpensive, with a total cost of approximately $500 000 USD, and
could be adapted to an even more modest budget. Significant cost savings could be achieved by
adopting a smaller commercial vacuum chamber,25 and omitting some of the components we use
to achieve ultra-stable conditions such as the redundant temperature monitoring system and the
ion hydrogen getter. To that end, we have made the design of our ECS completely open-source,
beginning with the cryostat design released in S16, and now including the design of our TMC
electronics.
The performance of the NEID ECS is a testament to the value of heritage in design of astronom-
ical instrumentation. The design of our vacuum chamber is adapted from that of APOGEE,21 and
its adaptation to the actively-controlled system originally developed for HPF was a years-long pro-
cess. By essentially copying the HPF ECS with minimal modifications, we were able to build and
test a fully-operational system—whose performance already exceeds that of its predecessors—
within about 6 months. The ability to develop the critical components of NEID in such a short
time frame is essential for the instrument to be ready to characterize new exoplanets discovered by
TESS.
8 Summary
We have presented a full-system demonstration of the environment control system for the ultra-
precise NEID Doppler spectrometer. During a 30-day stability test the NEID ECS achieved a tem-
perature stability better than 0.4 mK RMS and a maintained a vacuum level better than 10−6 Torr,
illuminating the path to achieving 10cm/s RV precision. Our system is modular and open-source,
and can be scaled and applied to any number of instruments and purposes.
Acknowledgments
NEID is funded by JPL under contract 1547612. This work was partially supported by funding
from the Center for Exoplanets and Habitable Worlds. The Center for Exoplanets and Habit-
able Worlds is supported by the Pennsylvania State University, the Eberly College of Science,
and the Pennsylvania Space Grant Consortium. PR and SH contributed to this work in part un-
der contract with the California Institute of Technology(Caltech)/Jet Propulsion Laboratory (JPL)
funded by NASA through the Sagan Fellowship Program executed by the NASA Exoplanet Sci-
ence Institute. GKS wishes to acknowledge support from NASA Headquarters under the NASA
18
Earth and Space Science Fellowship Program-Grant NNX16AO28H. We acknowledge support
from NSF grants AST-1006676, AST-1126413, AST-1310885, the NASA Astrobiology Institute
(NAI; NNA09DA76A), and the Penn State Astrobiology Research Center.
Software: Jupyter,26 matplotlib,27 numpy,28 pandas,29 SolidWorks, Zemax OpticStu-
dio.
References
1 W. J. Borucki, D. Koch, G. Basri, et al., “Kepler Planet-Detection Mission: Introduction and
First Results,” Science 327, 977 (2010).
2 S. B. Howell, C. Sobeck, M. Haas, et al., “The K2 Mission: Characterization and Early
Results,” PASP 126, 398 (2014).
3 G. R. Ricker, J. N. Winn, R. Vanderspek, et al., “Transiting Exoplanet Survey Satellite
(TESS),” Journal of Astronomical Telescopes, Instruments, and Systems 1, 014003 (2015).
4 F. Pepe, G. Rupprecht, G. Avila, et al., “Performance verification of HARPS: first labo-
ratory results,” in Instrument Design and Performance for Optical/Infrared Ground-based
Telescopes, M. Iye and A. F. M. Moorwood, Eds., Proc. SPIE 4841, 1045–1056 (2003).
5 S. S. Vogt, S. L. Allen, B. C. Bigelow, et al., “HIRES: the high-resolution echelle spectrom-
eter on the Keck 10-m Telescope,” in Instrumentation in Astronomy VIII, D. L. Crawford and
E. R. Craine, Eds., Proc. SPIE 2198, 362 (1994).
6 J. A. Valenti, R. P. Butler, and G. W. Marcy, “Determining Spectrometer Instrumental Profiles
Using FTS Reference Spectra,” PASP 107, 966 (1995).
7 R. P. Butler, G. W. Marcy, E. Williams, et al., “Attaining Doppler Precision of 3 M s-1,”
PASP 108, 500 (1996).
8 A. Baranne, D. Queloz, M. Mayor, et al., “ELODIE: A spectrograph for accurate radial
velocity measurements.,” A&AS 119, 373–390 (1996).
9 F. Bouchy, F. Pepe, and D. Queloz, “Fundamental photon noise limit to radial velocity mea-
surements,” A&A 374, 733–739 (2001).
10 F. Bayer-Helms, “Langzeitige La¨ngena¨nderungen der Glaskeramik “Zerodur” als
Auswirkung eines Diffusionsvorganges,” Metrologia 23, 145–151 (1987).
11 S. Mahadevan, L. W. Ramsey, R. Terrien, et al., “The Habitable-zone Planet Finder: A status
update on the development of a stabilized fiber-fed near-infrared spectrograph for the for the
Hobby-Eberly telescope,” in Ground-based and Airborne Instrumentation for Astronomy V,
Proc. SPIE 9147, 91471G (2014).
12 R. K. Kopparapu, R. Ramirez, J. F. Kasting, et al., “Habitable Zones around Main-sequence
Stars: New Estimates,” ApJ 765, 131 (2013).
13 C. Schwab, A. Rakich, Q. Gong, et al., “Design of NEID, an extreme precision Doppler
spectrograph for WIYN,” in Ground-based and Airborne Instrumentation for Astronomy VI,
Proc. SPIE 9908, 99087H (2016).
14 S. Halverson, R. Terrien, S. Mahadevan, et al., “A comprehensive radial velocity error budget
for next generation Doppler spectrometers,” in Ground-based and Airborne Instrumentation
for Astronomy VI, Proc. SPIE 9908, 99086P (2016).
15 S. R. Gibson, A. W. Howard, G. W. Marcy, et al., “KPF: Keck Planet Finder,” in Ground-
based and Airborne Instrumentation for Astronomy VI, Proc. SPIE 9908, 990870 (2016).
19
16 T. Kotani, M. Tamura, H. Suto, et al., “Infrared Doppler instrument (IRD) for the Subaru
telescope to search for Earth-like planets around nearby M-dwarfs,” in Ground-based and
Airborne Instrumentation for Astronomy V, Proc. SPIE 9147, 914714 (2014).
17 J. Crass, L. G. Fantano, F. R. Hearty, et al., “The iLocater cryostat: design and thermal
control strategy for precision radial velocity measurements,” in Ground-based and Airborne
Instrumentation for Astronomy VI, Proc. SPIE 9908, 990873 (2016).
18 G. Stefansson, F. Hearty, P. Robertson, et al., “A Versatile Technique to Enable Sub-
milli-Kelvin Instrument Stability for Precise Radial Velocity Measurements: Tests with the
Habitable-zone Planet Finder,” ApJ 833, 175 (2016).
19 D. A. Fischer, G. W. Marcy, and J. F. P. Spronck, “The Twenty-five Year Lick Planet Search,”
ApJS 210, 5 (2014).
20 J. F. O’Hanlon, Ed., A User’s Guide to Vacuum Technology, Wiley & Sons, Inc. (2003).
21 B. Blank, C. Henderson, J. C. Wilson, et al., “APOGEE cryostat design,” in Ground-based
and Airborne Instrumentation for Astronomy III, Proc. SPIE 7735, 773569 (2010).
22 G. E. Components Engineering Unit, “Parts application handbook study, nasa contract nas8-
32662,” NASA Technical Reports Server (1978). Document ID 19780019349.
23 S. S. Courts and P. R. Swinehart, Stability of Cernox™ Resistance Temperature Sensors,
1841–1848. Springer US, Boston, MA (2000).
24 J. F. O’Hanlon, Ed., A User’s Guide to Vacuum Technology, Wiley & Sons, Inc. (2003).
25 F. Hearty, E. Levi, M. Nelson, et al., “Environmental control system for Habitable-zone
Planet Finder (HPF),” in Ground-based and Airborne Instrumentation for Astronomy V, Proc.
SPIE 9147, 914752 (2014).
26 T. Kluyver, B. Ragan-Kelley, F. Pe´rez, et al., “Jupyter notebooks: a publishing format for
reproducible computational workflows,” in Positioning and Power in Academic Publishing:
Players, Agents and Agendas, F. Loizides and B. Scmidt, Eds., 87–90, IOS Press (2016).
27 J. D. Hunter, “Matplotlib: A 2D Graphics Environment,” Computing in Science and Engi-
neering 9, 90–95 (2007).
28 S. Van Der Walt, S. C. Colbert, and G. Varoquaux, “The NumPy array: a structure for efficient
numerical computation,” ArXiv e-prints (2011).
29 W. McKinney, “Data structures for statistical computing in python,” in Proceedings of the 9th
Python in Science Conference, S. van der Walt and J. Millman, Eds., 51 – 56 (2010).
20
